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Protein increases glomerular eicosanoid production and activity
of related enzymes
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Renal Division, Department of Medicine, Washington University School of Medicine, and the Department of Medicine, The Jewish Hospital
of St. Louis, St. Louis, Missouri, USA
Protein increases glomerular eicosanoid production and activity of
related enzymes. We examined the in vitro production of PGE2, 6-keto
PGF1 and TxB2 by isolated glomeruli from rats fed a low (6% casein)
or a high (40% casein) protein diet for approximately eight weeks.
Glomeruli from high protein-fed rats produced significantly greater
amounts of POE2, 6-keto PGF1,, and TxB2 under basal conditions and in
response to the addition of 100 nri angiotensin II (Ang II) than glomeruli
from low protein-fed rats. To elucidate the mechanisms by which
greater protein intake enhanced the glomerular production of ci-
cosanoids, we explored phospholipase (A2 and C) and cyclooxygenase
activity in glomeruli isolated from low- or high-protein fed rats. FE-
specific PLA2 activities were significantly increased in glomeruli from
rats fed a high protein diet when compared to a low protein diet. On the
other hand, PC-specific PLA2 activities were significantly decreased in
glomeruli from rats fed a high protein diet. No significant difference in
PIP2-PLC activities was detected between glomeruli of the two dietary
groups. The cyclooxygenase content and activity was significantly
greater in glomeruli from rats fed a high protein diet than in glomeruli
from rats fed a low protein diet. Glomeruli of rats fed a 50/50 mixture of
the diets (23% casein) had amounts and activity of cyclooxygenase and
activities of PE-specific PLA2 intermediate between those of high and
low protein-fed animals, In conclusion, increased synthesis of ei-
cosanoids by glomeruli from rats fed a high protein diet may be
mediated by increases in the amount and activity of cyclooxygenase
coupled with enhanced activity of FE-specific PLA,.
production of eicosanoids by glomeruli of rats fed a high protein
diet but pretreated with the angiotensin converting enzyme
inhibitor, enalapril, was comparable to the synthetic levels seen
in rats fed a low protein diet. These observations suggest that an
increase in protein intake alters renal hemodynamics through
the increased glomerular production of vasodilatory prostaglan-
dins induced by higher levels of plasma and/or intrarenal
angiotensin II (Ang II).
The present study was designed to elucidate the intraglomer-
ular mechanisms underlying the greater production of ei-
cosanoids by glomeruli from rats fed a high protein diet when
compared to rats fed a low protein diet. We confirmed the
observation that the production of PGE2, 6-keto PGF1 and
thromboxane B2 (TxB2, the stable metabolite of TxA2) is
increased in glomeruli isolated from high protein-fed rats under
basal conditions and in response to addition of 100 nM Ang II.
We then examined the potential mechanisms involved by de-
termining the relationship among membrane-linked effectors
(PLA2 and PLC) and cyclooxygenase in glomeruli from rats fed
a low or a high protein diet.
Methods
Chemicals and reagents
Recent studies indicate that short- or long-term administra-
tion of a protein-rich diet increases GFR and renal plasma flow
[1, 2]. These functional changes are accompanied by a higher
plasma renin activity and an increase in the urinary excretion of
the vasodilatory eicosanoids, prostaglandin E2 (PGE2) and
6-keto prostaglandin F1 (PGF,,,, the stable metabolite of
prostacyclin) in both humans and experimental animals [1, 3,4].
Presumably this greater excretion of eicosanoids after adminis-
tration of a high protein diet is related in part to an increase in
their synthesis by renal cells. Indeed, Don et al [5] found that
glomeruli from rats fed a high protein diet for two weeks
produced significantly greater amounts of PGE2, 6-keto PGFJ
and prostaglandin F2, (PGF2a) than glomeruli from rats fed a
low protein diet for the same period of time. Moreover, the
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Bovine serum albumin (BSA), deoxyribonuelease 1 (DNase
1) type II, prostaglandin E2 (PGE2), thromboxane B2 (TxB2),
6-keto prostaglandin F1,, (6-keto PGF1,J, adenosine 5'-triphos-
phate (ATP), L-a-phosphatidylcholine (PC), L-a-phosphatidyl-
ethanolamine (PE), L-a-phosphatidylserine (PS), and goat anti-
rabbit IgG (whole molecule) were purchased from Sigma (St.
Louis, Missouri, USA); (arachidonyl- 1 -14C)PC, (arachidonyl- 1-
'4C)PE, and (inositol-2-3H)-phosphatidylinositol-4,5-biphos-
phate (PIP2) were obtained from New England Nuclear (Bos-
ton, Massachusetts, USA). Sodium iodine (125J) was purchased
from Amersham (Arlington Heights, Illinois, USA). Collage-
nase type II was supplied from Worthington Biochemical Corp
(Freehold, New Jersey, USA), 6-keto PGFI,, and cyclooxygen-
ase antibodies from Cayman Chemical Co. (Ann Arbor, Mich-
igan, USA).
Dietary regimen and preparation of isolated glomeruli
Male Lewis strain rats (weighing approximately 250 g; Harlan
Sprague Dawley, Inc., Indianapolis, Indiana, USA) were pair-
fed isoealoric diets containing either low amounts of protein
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(6% casein), high amounts of protein (40% casein) or, in some
cases, a 50/50 mixture of the two diets (23% casein) for
approximately eight weeks. The mineral content of the two
diets was comparable. The details of the composition of the
diets and the method of feeding were previously reported [11.
Over the course of the eight weeks of dietary conditioning the
food consumption was monitored daily. The amount of diet
ingested was not significantly different between the groups of
animals.
Isolated glomeruli were prepared according to the protocol
previously described from our laboratory [6]. In brief, the
abdominal cavity was opened under pentobarbital anesthesia (5
mg/100 g body wt intraperitoneally) and both kidneys were
thoroughly perfused with phosphate buffered saline (PBS). The
kidneys were then removed and decapsulated. The cortices
were dissected on ice and glomeruli were obtained by sieving
techniques (mesh sizes 250, 150 and 75 tm). The isolated
glomeruli were then treated with 60 U/ml collagenase type II
and 0.03 mg/ml DNase under continuous agitation (140 cycles/
mm) for 20 minutes at 37°C to remove Bowman's capsule. The
preparations were washed three times with cold Hanks' bal-
anced salt solution (HBSS) after treatment. The preparations
were confirmed to consist of greater than 90% isolated glomer-
uli and most were free of Bowman's capsule.
Determination of eicosanoid production in isolated glomeruli
Eicosanoid production by isolated glomeruli was determined
by methods previously described from our laboratory [6]. We
have shown previously that the glomerular production of PGE2,
6-keto PGF1 and TxB2 is substantially stimulated in vitro by
addition of 100 M to 100 flM angiotensin II and the maximum
production of the three eicosanoids is seen with 100 nM Ang II
[6]. Therefore, in the present study 100 nivi Ang II was added to
a portion of the glomeruli isolated from rats fed a low or a high
protein diet. Briefly, the methods were as follows: isolated
glomeruli (approximately 100 g protein/400 d) were sus-
pended in warm HBSS and preincubated at 37°C for 30 minutes.
The preparations (400 d) were transferred into plastic centri-
fuge tubes and then incubated after addition of 100 d warm
HBSS not containing or containing 500 nM Ang II (a final
concentration of 100 nM Ang II) under continuous agitation (80
cycles/mm) at 37°C for 60 minutes. Incubations were terminated
by centrifugation (10,000 g for 1 mm) at room temperature and
the supernatants were stored at —70°C for PGE2, TxB2, and
6-keto PGF1 determinations.
The glomerular production of PGE2, 6-keto PGF1,, (the stable
metabolite of prostacyclin) and TxB2 (the stable metabolite of
thromboxane A2) was determined directly by assaying the
supernatant using specific RIAs. The cross reactivities of anti-
sera against PGE2, 6-keto PGF1,, and TxB2 and details of the
RIA have been previously reported [61. All determinations were
done in duplicate. The RIA was not influenced by 1 M Ang II
in the sample supernatants.
Preparation of membranes and cytosol from isolated
glomeruli
Isolated glomeruli were washed twice with cold Ca and
Mg-free HBSS by centrifugation/resuspension and sus-
pended in 250 /21 of ice-cold homogenate buffer consisting of 25
mM Tris HCI, pH 7.5, 1 m EDTA, 1 m'vi dithiothreitol (DTT)
and 1.0 KI U/ml trazylol. Glomerular homogenates were pre-
pared with 10 strokes of a teflon-glass homogenizer and centri-
fuged at 48,000 x g for 20 minutes. The supernatants were
removed and stored at —70°C as cytosolic extracts. The pellets
were then washed in 2 ml of ice-cold homogenate buffer and
centrifuged at 48,000 x g for 20 minutes. The washed pellets
were resuspended in 250 d of ice-cold homogenate buffer and
stored at —70°C as membrane extracts.
Preparation of antisera and '251-/abeled IgG
Goat anti-rabbit IgG was radiolabeled with 125j by the chlo-
ramine T method. The '251-labeled IgG was separated from
unreacted radioiodine by passage over a U-So column (size, 5 x
200 mm) equilibrated with 50 mrvi phosphate buffer, pH 7.0.
Goat anti-rabbit IgG labeled with 1251 was used as a second
antibody of immunoblots for cyclooxygenase determinations.
Immunoblots for the determination of cyclooxygenase mass
Western blotting was used to determine relative levels of
cyclooxygenase in glomeruli from low or high protein-fed rats.
Membrane or cytosolic extracts of glomeruli were dissolved in
SDS sample buffer and heated for two minutes at 90°C. The
samples (2.5 g protein) were subjected to 13.5% SDS-PAGE
[71. This amount of protein was determined in preliminary
experiments to be within the linear range of detection for the
protein. The proteins were electrophoretically transferred to
nitrocellulose membranes in cold transfer buffer (20% methanol
containing 25 mM Tris and 190 mivi glycine), The nitrocellulose
membrane was washed three times for five minutes with 20 mM
Tris HCI, pH 7.5, containing 500 mivi NaCl (A-buffer) to remove
methanol and then incubated with 20 mivi Tris HC1, pH 7.5,
containing 3% gelatin, 500 ms'i NaC1 and 0.02% NaN3 to
saturate non-specific binding sites. After washing three times
for five minutes with 20 mivi Tris HC1, pH 7.5, containing 500
mM NaC1 and 0.05% Tween 20 (B-buffer) the membrane was
incubated for one hour at room temperature with rabbit antisera
against cyclooxygenase (1:1000 dilution) in immunoblotting
buffer (B-buffer containing 1% gelatin). The nitrocellulose sheet
was then washed with B-buffer three times for five minutes. The
sheet was immersed in immunoblotting buffer containing I25J
labeled sheep anti-rabbit antibody (4 million cpm/ml) for 30
minutes at room temperature and washed with B-buffer three
times for five minutes. The sheet was completely dried over-
night at room temperature and autoradiographed for 24 hours.
The blots from autoradiography were scanned with a GS 300
Densitometer (Hoefer Scientific Instruments, San Francisco,
California, USA). Values were calculated from the peak height
of each band in arbitrary units. The membrane protein samples
for immunoblots for a specific protein were all done simulta-
neously to avoid interassay variation.
Determination of cyclooxygenase activity
The relative activity of cyclooxygenase was determined in
intact glomeruli by incubation in the presence of an excess of
free arachidonic acid as described previously [6]. Briefly,
glomeruli were preincubated in warm HBSS for 30 minutes
prior to the addition of HBSS containing arachidonic acid to a
final concentration of 30 /LM. The glomeruli were then incubated
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for 10 minutes before termination by centrifugation. The super-
natants were retained for the determination of POE2 by radio-
immunoassay. The dilutions of the radioimmunoassay samples
were such that the arachidonic acid did not interfere with the
quantitation of the POE2.
Assay of phospholipase C activity
Phospholipase C activity was measured by monitoring the
release of (3H)inositoltriphosphate [(3H)1P3] using a slight mod-
ification of the protocol of Felder, Jose and Axelrod [8].
Phosphatidylserine (PS) and (3H)PIP2 were dried under a
stream of nitrogen gas to remove the organic solvents. The
dried phospholipids were resuspended in a phospholipase C
assay buffer (25 mivi Tris HCI, pH 7.4 containing 100 sM CaCI2,
10 mM MgC12 and 5 mrvi LiC1) and sonicated for 10 seconds
three times using a sonic dismembrator model 300 (Fisher
Scientific, St. Louis, Missouri, USA) just before use. The
reaction mixture (250 d) containing either membrane or cyto-
solic extracts (approximately 100 sg protein) in 50 pi of
homogenate buffer and 200 ,td of phospholipase C assay buffer
was preincubated for five minutes at 37°C with shaking (100
cycles/mm). After addition of 50 pi of the phospholipid emul-
sion containing 6 ig PS and 0.005 1sCi (3H)PIP2, the reaction
was performed at 37°C for 30 minutes with vigorous rocking
(160 cycles/mm) and terminated by adding 1 ml of methanol-
chloroform (2:1, vol/vol). Chloroform (0.5 ml) and distilled
water (0.5 ml) were further added to the samples followed by
vigorous vortexing. The samples were centrifuged at 3,000 rpm
for 15 minutes to separate the aqueous and organic layers. The
aqueous layer (1 ml) containing released (3H)1P3 was added to
10 ml of scintillation fluid and the radioactivity was measured in
a liquid scintillation spectrophotometer. Either membrane or
cytosolic extracts heated for 30 minutes at 100°C were used as
tissue blanks. Activities of (3H)1P3 released from (3H)PIP2 were
linear for 60 minutes of incubation and up to 500 jig protein in
the preparation.
Assay of phospholipase A2 activity
Phospholipase A2 activity was measured using a slight mod-
ification of the method of Craven, Patterson and DeRubertis [9].
PC-specific and PE-specific PLA2 activities were determined by
monitoring the release of ('4C) arachidonate using (arachidonyl-
l-'4C)phosphatidylcholine or (arachidonyl-l-'4C)phosphatid-
ylethanolamine, respectively as a substrate, PC and ('4C)PC or
PE and ('4C)PE were dried under a nitrogen stream and
resuspended in phospholipase A2 assay buffer (25 mM Tris HCI,
pH 8.5 containing 5 mi CaC12). The resuspended phospholipids
were sonicated for 10 seconds three times using a sonic dis-
membrator as before. The reaction mixture (250 jil) consisting
of either membrane or cytosolic extracts containing approxi-
mately 100 jig of protein in 50 jil of homogenate buffer and 200
jil of phospholipase A2 assay buffer was preincubated for five
minutes at 37°C under continuous agitation (100 cycles/mm).
The reaction was initiated by adding 50 jil of the phospholipid
emulsion containing 50 jig PC or PE and 0.05 jiCi ('4C)PC or
('4C)PE, respectively. The mixture was incubated for 60 min-
utes at 37°C under vigorous shaking (160 cycles/mm) and the
reaction was terminated by the addition of 2 ml of CHCL3/
CH3OH/conc HC1 (200:100:0.5). After extraction, the chloro-
form layer was removed and evaporated to dryness. The
Table 1. Eicosanoid production by glomeruli
Low protein diet
100 nM Ang
High protein dmet
100 riM Ang
Basal II Basal II
POE2 2492 375 4651 665° 8007 1300b 15354 1739a,b
6-keto PGF,,. 242 30 361 33° 382 43C 812 26a.b
TxB2 128 12 222 29° 212 30° 461 46°"
All values are in pg/mg protein/60 mm of incubation.
a P < 0.005 when compared to basal valuesb P < 0.005 when compared to low protein values
P < 0.025 when compared to low protein values
residue was resuspended in 100 .d of hexane/ethyl ether/acetic
acid (80:20:2) and spotted with 50 jig of arachidonate as a
carrier on a silica gel G plate. The plate was developed in the
same solvent and lipids were visualized with iodine vapor. The
lipid zone corresponding to arachidonate was scraped and
added to 10 ml of scintillation fluid. The radioactivity was
measured in a liquid scintillation spectrophotometer. Either
membrane or cytosolic extracts boiled for 30 minutes were used
as a tissue blank. Activities of ('4C)arachidonate released from
('4C)PC or ('4C)PE were linear for 90 minutes of incubation and
up to 250 jig of protein in the preparation.
Calculations and statistical analysis
Glomerular preparations were obtained from one or two rats
and all data reported represent the mean of five to eight separate
glomerular preparations. The protein content of glomerular
preparations was determined by the method of Lowry et al [10].
The values for eicosanoid production and PLA2 and PLC
activities were corrected for the protein content of the glomeruli
and are expressed per mg protein per incubation time. Data
represent means SE. Statistical analysis was performed by
Student's t-test for unpaired data, or by ANOVA. The 1-test
was used unless otherwise indicated,
Results
Effects of dietary protein intake on body weight and kidney
weight
Body weight and kidney weight of rats was measured at the
time of sacrifice. Body weight [381 6.0 (means SE) vs. 362
4.0 g, P < 0.01, N = 12] and kidney weight (1.61 0.03 vs.
1.29 0.02 g, P < 0.005, N = 121 were significantly greater in
high protein-fed rats than in low protein-fed rats. Thus, dietary
protein intake modulated both body weight and kidney weight
in these rats.
Basal and angiotensin Il-stimulated eicosanoid synthesis by
isolated glomeruli
Table 1 shows the basal and 100 riM angiotensin Il-stimulated
production of POE2, 6-keto PGF1, and TxB2 in isolated gb-
meruli from rats fed a low or a high protein diet. Eicosanoid
production (pg/mg protein/60 mm of incubation) was examined
in eight separate glomerular preparations for each group. The
basal production of PGE2, 6-keto PGFIa and TxB2 by isolated
glomeruli from rats fed a low protein diet was significantly less
than the production of these eicosanoids in glomeruli of rats fed
a high protein diet (Table 1). The isolated glomeruli from
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Table 2. Relatiye levels of cyclooxygenase in gb
high protein-fed rats
meruli from low or
Low protein
Cycbooxygenase 4.1 0.4
High protein
5.2 0.4a
Relative levels of cyclooxygenase were determined by scanning the
blots obtained from autoradiography of imniunobbots with a densitom-
eter as described in Methods. Data reported are in arbitrary units per 2.5
sg of membrane protein. Values are means SE obtained from five
separate glomerular preparations.a P < 0.05 compared to values of the low protein-fed rats
Levels of cyclooxygenase in glomeruli
Fig. 1. Autoradiographic replicas of immunoblots for cyclooxygenase
in glomerular membranes from rats fed a low or a high protein diet.
Gbomerular membrane proteins were subjected to SDS-PAGE and
transferred to a nitrocellulose sheet. The nitrocellulose sheet was
incubated for 60 minutes with antibodies against cyclooxygenase in
immunobbotting buffer. The sheet was further incubated for 30 minutes
with '251-labelled second antibody in immunoblotting buffer. The nitro-
cellulose sheet was washed, dried and autoradiographed for 24 hours.
high-protein fed rats produced significantly greater amounts of
PGE2, 6-keto PGF1, and TxB2 by 3.2, 1.6 and 1.7 times than
glomeruli from the low-protein fed rats (Table 1).
The production rates of PGE2, 6-keto PGF1 and TxB2 by
isolated glomeruli incubated with 100 flM Ang II were signifi-
cantly greater than the production rates under basal conditions
in both rats fed a low protein diet or a high protein diet.
Glomeruli from high-protein fed rats incubated with angioten sin
II produced significantly greater amounts of PGE2, 6-keto
PGF1, and thromboxane A2 than gbomeruli of low protein-fed
rats incubated under the same conditions (Table 1).
Glomeruli from rats fed a low protein diet incubated with 100
nM Ang II produced significantly more PGE2, 6-keto PGF1, and
TxB2 by 1.9, 1.5 and 1.7 times, respectively, than under basal
conditions. Similarly, glomeruli isolated from high protein-fed
rats in response to 100 nM Ang II produced significantly greater
amounts of PGE2, 6-keto PGF1 and TxB2 by 1.9, 2.1 and 2.2
times, respectively, than each basal value. However, the abso-
lute increase in PGE2, 6-keto PGF1 and TxB2 after addition of
100 nM Ang II in vitro was significantly greater by 3.4, 3.6 and
2.6 times in glomeruli from rats fed a high protein diet than in
glomeruli from rats fed a low protein diet.
Figure 1 illustrates an autoradiographic replica obtained from
immunoblots for cyclooxygenase determinations in membranes
of glomeruli obtained from low or high protein-fed rats. Signif-
icant amounts of cyclooxygenase (72 kDa) were detected by
immunobbots in gbomerular membranes. Cyclooxygenase was
not detectable in cytosolic extracts of glomeruli (data not
shown). Immunoidentifiable bands below 72 kDa in size prob-
ably reflect an ongoing turnover of cycbooxygenase and are
present in metabolic labelling of cyclooxygenase [11].
Table 2 shows data on the relative levels of cyclooxygenase
in glomeruli from low or high protein-fed rats. The levels of
cycbooxygenase were determined in five separate glomerular
preparations. The relative levels of cyclooxygenase were sig-
nificantly greater by 27% in glomeruli from rats fed a high
protein diet than in glomeruli from rats fed a low protein diet.
Characterization of phospholipase specificities
Preliminary studies on rat glomerular membrane and cyto-
solic extracts were performed to characterize the specificities of
the phospholipases. These properties were based upon the type
of substrate and the manner it is presented to the glomerular
enzymes. These data are summarized below and recently
published to characterize these enzymes in the setting of
bilateral ureteral obstruction [12].
Incubation of glomerular extracts with PIP2 containing tn-
tium labeled inositol causes release of a water soluble product
with time. This product was shown to be labeled 1P3 by means
of anion exchange chromatography. This indicates that the
cleavage of labeled PIP2 by our glomerular preparations mea-
sures a PIP2-PLC activity.
The phospholipase A activities were shown to be specific for
release of the fatty acid from the two position of the (arachi-
donyl- '4C)phosphatidylcholine or the (arachidonyl- '4C)phos-
phatidylethanolamine. There was no labeled lysophospholipid
formed during incubation with either substrate using either
glonierular membrane or cytosol extracts. This suggests that
the release of labeled arachidonic acid was not due to the action
of a nonspecific esterase activity.
The relative specificities of the PLA2 activities were exam-
ined by mixed micelle assays. In brief, radiolabeled PE was
presented to the enzymes in micelles of unlabeled PC rather
than unlabeled PE. Labeled PC was mixed with unlabeled PE.
The PLA2 activity that hydrolyzed labeled PE was able to
effectively (320%) hydrolyze PE even in the face of a 20-fold
molar excess of unlabeled PC. Similarly, the PLA2 activity that
hydrolyzed labeled PC was 60% as effective in the face of a
20-fold molar excess of unlabeled PE. While it is realized that
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Fig. 2. Activity of phosphatidylinositol-4,5-biphosphate(FIF2)-phos-
pholipase C(PLC) in glomerniar preparations from rats fed a low (6%
casein, open bars) or a high (40% casein, hatched bars) protein diet for
approximately eight weeks. Glomerular preparations were incubated
for 30 minutes at 37°C with (3H)PIP2. PIP2-PLC activities were deter-
mined by monitoring (3H)1P3. Bars represent means 5E of values
obtained from six separate glomerular preparations.
the specific activity of the phospholipid was less in the homol-
ogous micelles, it is evident the enzymes were still capable of
hydrolyzing the phospholipids in heterologous micelles well
above the theoretical rate of 5%. For this reason, the PLA2
activities will be considered PE and PC-specific for the pur-
poses of this study.
PIP2-phospholipase C activities in glomeruli
Figure 2 illustrates PIP2-phospholipase C (PLC) activities in
membranes or cytosolic extracts of glomeruli from rats fed a
low or a high protein diet. PLC activities (cpm/mg protein/30
mm of incubation) were measured in six different preparations
of each group. PLC activities were 2505 202 (mean se) or
2300 197 in membrane and 18271 1419 or 19374 781 in
cytosol extracts of glomcruli from low or high protein-fed rats,
respectively. The total activities were 20776 1523 and 21674
884 in each group. No significant difference in PLC activities
was observed between the two groups. The location of PIP2-
PLC activities was approximately 10% and 90%, respectively,
in membranes and cytosol of glomeruli obtained from the two
groups.
PC-specific and PE-specjfic phospholipase A2 activities in
glomeruli
Figures 3 and 4 show PC-specific and PE-specific phospholi-
pase A2 (PLA2) activities in membranes or cytosol of glomeruli
from rats fed a low or a high protein diet, respectively. PLA,
activities (cpm/mg protein/60 mm of incubation) were measured
in six separate preparations in each dietary group.
PC-specific PLA2 activities (Fig. 3) were 9332 591 (mean
SE) and 4814 402 cpm/mg protein/60 mm in membranes and
5045 448 and 5150 335 in cytosol of glomeruli from low or
high protein-fed rats, respectively. The total activities were
14377 700 and 9964 326 in each group. Membranes of
glomeruli from rats fed a low protein diet had significantly
higher activities by 1.9 times than those of glomeruli from rats
fed a high protein diet. Similarly, the total activities were 1.4
times higher in glomeruli from low protein-fed rats than in
Fig. 3. Activity of phosphatidyicholine (PC)-specjfic phospholipase A2
(PLA2) in glomerular preparations from rats fed a low (6% casein, open
bars) or a high (40% casein, hatched bars) protein diet for eight weeks.
Bars represent means 5E of values obtained from six separate
glomerular preparations. (*) P < 0.005 compared to each value of a low
protein diet group.
Fig. 4. Activity of phosphatidylethanolamine (PE)-specfic phospholi-
pase A2 (PLA2) in glomerular preparations from rats fed a low (6%
casein, open bars) or a high (40% casein, hatched bars) protein diet for
eight weeks. Bars represent means 5E of values obtained from six
separate glomerular preparations. (*) P C 0.05 and (+) P C 0.025
compared to each value of a low protein diet group. Please note the
change in scale of the y axis between membrane and cytosol values.
glomeruli from high protein-fed rats. However, no significant
difference in the activities of cytosolic fractions was detected
between the two groups. The location of PC-specific PLA2
activities was 65% and 48% in membranes and 35% and '52% in
cytosol extracts of glomeruli from low or high protein-fed rats,
respectively.
PE-specific PLA2 activities (Fig. 4) of glomeruli from rats fed
a low or a high protein diet were 7748 307 and 9534 671 in
membranes, 32021 1258 and 38824 2164 in cytosol and
39769 1318 and 48358 2576 in total, respectively. In
contrast to PC-specific PLA2 activities, PE-specific PLA2 ac-
tivities were significantly increased by 1.2 times in both mem-
branes and cytosol of glomeruli from rats fed a high protein diet
when compared to those fed a low protein diet. Total activities
were also significantly greater by 1.2 times in the high protein
diet group than in the low protein diet group. The distribution of
PE-specific PLA2 activities was approximately 20% in mem-
branes and 80% in cytosol of glomeruli obtained from the two
groups.
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Table 3. Relative levels of cyclooxygenase in glome
normal and high protein-fed rats
ruli from low,
Low
Cyclooxygenase protein Normal protein High protein
Immunoblot 4.5 O.3a 5.2 0.1 6.1 04a,b
(relative mass)
30 M arachidonate 2769 228C 7712 574 13486 475C
(relative activity)
Relative mass of cyclooxygenase was determined by scanning auto-
radiographs of immunoblots with a densitometer as described in Meth-
ods. Data reported are in arbitrary units per 2.5 g of membrane
protein. Values are means SE obtained from five separate glomerular
preparations. Relative activity of cyclooxygenase was determined in
intact glomeruli incubated with 30 M arachidonic acid for 10 minutes
and measuring the formation of POE2 by radioimmunoassay as de-
scribed in Methods. Values are means SE of pg PGE2 formed/mg
protein/lO mm from five separate glomerular preparations for low and
high protein diets and four separate glomerular preparations from the
normal protein diet.
a P < 0.05 compared to values of the normal diet, by ANOVAb p < 0.025 compared to values of the low protein diet, by ANOVA
P < 0.001 compared to values of the normal diet, by ANOVA
Comparison to normal protein-fed animals
The values for eicosanoid production from the glomeruli
isolated from rats on a normal rat chow diet (22.8% casein) are
intermediate [61 to those values reported in Table I for low and
high protein-fed rats. To determine if quantitative changes in
cyclooxygenase amount and PE-specific PLA2 activity occur as
a consequence of progressive increases in dietary protein,
additional studies were performed. Groups of rats were fed a
low or a high protein diet along with rats fed a 50/50 mixture of
the two diets (23% casein). Glomeruli were isolated from
individual rats of each group and processed to determine the
amount of cyclooxygenase and activity of cyclooxygenase and
PE-specific PLA2.
Table 3 shows that as the amount of protein in the diet is
increased the amount of cyclooxygenase in the glomerular
membranes also increases. There was a 16% increase in the
amount of cyclooxygenase between the low and normal protein
diet while there was a 36% overall increase in going to the high
protein diet. This represents essentially linear increments in
cyclooxygenase amounts with the increase in dietary protein.
There was a progressive linear increase in the cyclooxygen-
ase activity of the glomeruli with the amount of protein in the
diet (Table 3). This measure of cyclooxygenase activity as-
sumes that PGE2 syntase activity is not limiting under these
conditions (that is, excess arachidonate and short incubation
times). This measure of cyclooxygenase activity essentially
extrapolates to zero activity with zero protein in the diet. The
measure of mass suggests that a fair amount of immunologically
identifiable protein exists with little activity.
For the PE-specific PLA2 activity there was a larger percent-
age increase in the amount of the membrane associated enzyme
between the normal to high protein diet than between the low to
normal protein diet (Table 4). For the membranous enzyme
there was a 13% increase between the low and normal diet, but
an overall 40% increase between the low and high protein diets.
The cytosolic enzyme activity also increased with an increase in
dietary protein intake (not shown).
While the absolute numbers for the amount of cyclooxygen-
Table 4. Activity of membranous PE-specific PLA2 in glomeruli from
low, normal and high protein-fed rats
Low protein Normal protein
PLA2 activity 11825 375 13340 3000
High protein
16550 2200
Values represent the mean SE of five separate glomerular prepara-
tions from each group and are expressed as cpm arachidonate (mg/br).
a P < 0.05 compared to values of the low protein diet
ase between Tables 2 and 3 are different, there is a consistent
increase in enzyme amount with the increase in dietary protein.
Similarly, there is a consistent increase in PE-specific PLA2
activity with the increase in protein intake between Figure 4 and
Table 4, although the absolute numbers are slightly different.
Discussion
Glomeruli isolated from rats fed a high protein diet for eight
weeks produced significantly greater amounts of the vasodila-
tory eicosanoids, PGE2 and prostacyclin, and the vasoconstric-
tor, TxA2, under basal conditions and after incubation with 100
nM angiotensin II than glomeruli isolated from rats fed a low
protein diet during the same time period. The basal production
of POE2, 6-keto PGF1 and TxB2 was respectively 3.2, 1.6 and
1.7 times greater in glomeruli from rats fed a high protein diet
than in glomeruli from rats fed a low protein diet. These
observations are in agreement with those of Don et al who
reported that the basal production rates of PGE2, PGF2 and
TxB2 were significantly greater by 1.5 to 3.6 times in glomeruli
isolated from rats fed a high protein (40%) diet for 10 to 14 days
than in glomeruli isolated from rats fed a low protein (8.5%) diet
during the same time period [5]. Glomeruli obtained from rats
fed either a low or a high protein diet and incubated with 100 flM
Ang II produced significantly greater amounts of PGE2, 6-keto
PGF1, and TxB2 than under basal conditions. The production
of PGE2, 6-keto PGF1 and TxB2 in the presence of 100 nM Ang
II was significantly greater by 3.4, 3.6 and 2.6 times in glomeruli
from rats fed a high protein diet than in glomeruli from rats fed
a low protein diet.
Compared to values found in our laboratory [6] in glomeruli
of rats fed a standard chow (22.4% protein), the basal produc-
tion rate of PGE2 was significantly decreased by 52% in
glomeruli from rats fed a low protein diet and was significantly
increased by 53% in glomeruli from rats fed a high protein diet.
Similarly, the production of POE2 in the presence of 100 nM
Ang II was significantly lower by 46% in glomeruli from rats fed
a low protein diet and was significantly greater by 79% in
glomeruli from rats fed a high protein diet than in glomeruli
from rats fed a standard chow. These findings clearly indicate
that the protein content of the diet modulates eicosanoid
production of rat glomeruli under basal conditions and in
response to addition of angiotensin II.
The enhanced glomerular eicosanoid production seen with
increased protein intake may be due to the higher levels of
angiotensin II in plasma and/or increased activity of the intra-
renal renin-angiotensin system. Indeed, recent reports indicate
that increased protein intake augmented plasma renin activity in
both humans and animals [2, 3, 13]. Most recently, Rosenberg,
Chmielewski and Hostetter showed that renal renin mRNA was
elevated on a 50% protein diet and lowered on a 6% protein diet
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compared to a standard 20% protein diet [14]. Moreover, Don et
a! demonstrated that the greater production rate of eicosanoids
by glomeruli from rats fed a high protein diet was restored to the
levels seen in glomeruli from rats fed a low protein diet when
the rats were pretreated with the angiotensin converting en-
zyme inhibitor, enalapril [51. It could be postulated that an
increase in intrarenal Ang II due to a high protein diet would
lead to a decrease in GFR as a consequence of an increase in
renal vascular resistance and a lower renal plasma flow. The
opposite was found to be true for rats fed a low versus a high
protein diet [II. It is possible that the impetus to vasoconstrict,
that is, an increase in Ang II, is prevented by the Ang
11-induced formation of the vasodilators PGE2 and PGI2. The
combination of a larger glomerulus and increased production of
vasodilatory eicosanoids in rats fed a high protein diet could
account for the greater GFR seen in such animals [11. Stahl,
Kudelka and Helmchen [4] found that partially nephrectomized
rats fed a high protein diet had increased GFR and increased
PGE2 production. Indomethacin administration decreased
GFR. Rats fed a low protein diet had lower GFR and decreased
PGE2 production. In these rats indomethacin did not decrease
GFR.
In the present study the relative order of production of the
three eicosanoids by rat glomeruli was PGE2 > 6-keto PGF1>
TxB2. Recently, we reported that rat glomeruli produced PGE2,
TxB2 and 6-keto PGF1 in that quantitative order [6]. This
pattern is somewhat different from that seen in the present
study. The difference may be related to the strain and sex of rats
used: male Lewis rats in the present study versus female
Sprague-Dawley rats in the previous study. Alternatively, the
differences may be due to the experimental setting of obstruc-
tion [6] as opposed to dietary protein manipulation.
Rats fed diets of greater protein content displayed a progres-
sive increase in the PE-specific PLA2 activity in glomeruli.
There was a concomitant decrease in the PC-specific PLA2
activity of the glomerulus. At present it is not known if the
increase in PE-specific PLA2 activity is the direct result of a
component of the protein diet, an assumed increase in angio-
tensin II production due to the diet, or an alteration in the
phospholipid content of the glomerulus. It is conceivable that
the increase in protein could bring about an increase in the
glomerular PE content with a decrease in PC with attendant
changes in the type of PLA2 activity. At first thought one would
assume, based upon the PLA2 activities, that the production of
arachidonate would remain the same if the PE-specific enzyme
increased while the PC-specific enzyme decreased. In the
setting of bilateral ureteral obstruction (BUO) we have seen an
increase in the activity of membrane-associated PE and PC-
specific PLA2 along with the increase in PGE2 production [12].
Pretreatment with ACE inhibitors prior to BUO prevented the
increase in PGE2 synthesis and the increase in membranous
PE-specific PLA2 activity but did not prevent the increase in
PC-specific PLA2 activity [121, This suggests but does not prove
that the PE-specific enzyme might be better poised topograph-
ically to deliver free arachidonic acid to serve as a substrate to
the cyclooxygenase. Another mitigating factor might be the
types of phospholipid available to the PLA2. There is at present
no information on the effect of dietary protein on the amounts of
the major phospholipid classes or on the composition of the
fatty acid side chains within a class of phospholipids of kidney
glomeruli.
The activities of PIP2-PLC in glomerular membranes were
comparable in the two groups of rats (high or low protein-fed).
The amount of cyclooxygenase mass and activity, however,
was significantly and progressively increased in glomeruli from
rats fed diets with increasing protein, suggesting that either
protein, angiotensin II and/or a product or products resulting
from increased activity of PE-specific PLA2 may be responsible
for the increased amount of cyclooxygenase in glomeruli from
rats fed greater amounts of protein in the diet. Whether this is
due to increased synthesis or decreased degradation of the
enzyme, or to a combination of both processes, is not known. It
is interesting that the immunoblot measures more cyclooxygen-
ase protein in membranes of the low protein group than can be
accounted for by the activity (Table 3). This may suggest that a
pooi of cyclooxygenase enzyme exists that is inactive due to
anabolic or catabolic processing. Alternatively, excess enzyme
might be available for recruitment from an inactive to an active
pool of cyclooxygenase.
In summary, glomeruli from rats fed a high protein diet
produced more PGE2, 6-keto PGF1 and TxB2 under basal
conditions and in response to addition of 100 nM Ang II than
glomeruli from rats fed a low protein diet. PE-specific PLA2
activity was significantly increased in glomeruli from high
protein-fed rats when compared to low protein-fed rats. In
contrast, PC-specific PLA2 activity was significantly lower in
glomeruli from rats fed a high protein diet than in glomeruli
from rats fed a low protein diet. The cyclooxygenase content
and activity of glomeruli was progressively increased by an
increase in the amount of protein in the diet. No significant
difference in PIP2-PLC activity was observed between glomer-
uli of the two groups. The latter enzyme may not account for
the increased production of eicosanoids by glomeruli seen after
eight weeks on the diet, but this finding does not preclude a role
for PIP2-PLC changes earlier in the course of dietary protein
manipulations. We conclude that glomeruli from rats fed a high
protein diet for eight weeks may produce increased amounts of
eicosanoids due to greater activity of both PE-specific PLA2
and cyclooxygenase. The synthesis of eicosanoids in response
to angiotensin II is also enhanced in glomeruli obtained from
rats fed a high protein diet when compared to rats fed a low
protein diet.
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